ABSTRACT A method that enables temperature-composition phase diagram construction at unprecedented rates is described and evaluated. The method involves establishing a known temperature gradient along the length of a metal rod. Samples of different compositions contained in long, thin-walled capillaries are positioned lengthwise on the rod and "equilibrated" such that the temperature gradient is communicated into the sample. The sample is then moved through a focused, monochromatic synchroton-derived x-ray beam and the image-intensified diffraction pattern from the sample is recorded on videotape continuously in live-time as a function of position and, thus, temperature. The temperature at which the diffraction pattern changes corresponds to a phase boundary, and the phase(s) existing (coexisting) on either side of the boundary can be identified on the basis of the diffraction pattern. Repeating the measurement on samples covering the entire composition range completes the phase diagram. These additional samples can be conveniently placed at different locations around the perimeter of the cylindrical rod and rotated into position for diffraction measurement. Temperature-composition phase diagrams for the fully hydrated binary mixtures, dimyristoylphosphatidylcholine (DMPC)/dipalmitoylphosphatidylcholine (DPPC) and dipalmitoylphosphatidylethanolamine (DPPE)/DPPC, have been constructed using the new temperature gradient method. They agree well with and extend the results obtained by other techniques. In the DPPE/DPPC system structural parameters as a function of temperature in the various phases including the subgel phase are reported. The potential limitations of this steady-state method are discussed.
INTRODUCTION
An understanding of lipid-lipid and lipid-water interactions and how these depend on the chemical properties of the lipids requires a knowledge of the conditions governing mesomorphic phase formation. This information is neatly summarized in a temperature-composition phase diagram. A number of different methods have been used to construct phase diagrams of lipid and lipid/water mixtures, including calorimetry, electron microscopy, light scattering, nuclear magnetic and electron spin resonance (ESR), infra-red, fluorescence and Raman spectroscopies, and x-ray and neutron diffraction. Of these, x-ray diffraction is particularly useful because of its ability to identify phases on both sides of a phase boundary and to localize the phase boundary itself. In contrast, other methods can detect the phase boundary but provide little unique information concerning phase identity. Using conventional x-ray sources, phase diagram construction by x-ray diffraction is a laborious and time-consuming process due to low photon flux and consequent lengthy exposure times. With the advent of synchrotron radiation and its greatly enhanced x-ray flux, a large amount of diffraction information can be collected in a relatively short perod of time, allowing phase and structural information to be obtained at significantly increased rates. Seeking to take advantage of this BIOPHYS. J. © Biophysical Society * 0006-3495/87/01/37/10
Volume 51 January 1987 [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] fast data collection, we developed a new method for phase diagram construction using fully hydrated mixtures of dipalmitoylphosphatidylcholine (DPPC) and dipalmitoylphosphatidylethanolamine (DPPE) and mixtures of DPPC and dimyristoylphosphatidylcholine (DMPC). The method makes use of time-resolved x-ray diffraction measurements Bilderback, 1983, 1984; Caffrey, 1984 Caffrey, , 1985 on lipid samples contained in capillaries along which a temperature gradient has been established. The essential features of the method are illustrated in Fig. 1 for a binary lipid mixture. Imposing a temperature gradient along the length of the sample capillary can be viewed as positioning the capillary on a line of constant overall composition (isopleth) in the phase diagram. In this way, the different phases and phase boundaries are localized at different points along the length of the sample capillary. By moving the capillary through the x-ray beam while continuously recording the two-dimensional diffraction pattern, phase changes may be detected by changes in diffraction and the pattern itself serves to identify the phase(s) present at a particular temperature. Repeating the measurement on samples of different composition completes the phase diagram. Because (Caffrey and Feigenson, 1981) . Lipids were used without further purification. All other chemicals and solvents were of reagent grade (Caffrey, 1985) .
Sample Preparation
Lipids were dissolved in either CHC13 (DMPC and DPPC) or a CHC13/ MeOH (9/1, vol/vol) solution (DPPE). To prepare lipid mixtures, appropriate amounts of each lipid in organic solvent were added (30-50 mg total) to a glass test tube and the solvent evaporated under argon gas. Complete solvent removal from the thinly shelled lipid film was accomplished under high vacuum for at least 12 h. The dried lipid was suspended in either Milli-Q purified water (Millipore Corp., Bedford, MA) for DMPC/DPPC mixtures or 100 mM HEPES, pH 7.0 for DPPC/DPPE mixtures, to a final lipid concentration of -1 mg/ml, by alternately incubating at 700C and vortexing until a creamy, homogeneous suspension was obtained. Samples were transferred to 1.5-ml centrifuge tubes and spun for 5 min in an Eppendorf centrifuge. Excess clear supernatant was removed and mixtures were pipetted into 1-mm-diam quartz x-ray capillaries (Charles Supper Co., Natick, MA) and spun down at top speed in a clinical centrifuge (Model 1528E; International Equipment Co., Boston, MA The thermocouples are secured in holes drilled in the rod and the readings reflect the temperature near the center of the rod. However, the sample capillary sits on the rod surface and to get direct sample temperature readings it is important that there be no significant differences between the internal and external temperatures along the length of the rod. This was confirmed by independent measurements.
X-ray Diffraction
The time-resolved x-ray diffraction method and apparatus has been previously described Bilderback, 1983, 1984; Caffrey, 1985) . Focused, monochromatic radiation at 1.56 A from the Al line at the Cornell High Energy Synchrotron Source (CHESS) was used as the x-ray source during which time the Cornell Electron Storage Ring (CESR) was operated at 5.2 GeV and 20-30 mA of electron beam current. All measurements were made with a 0.3-mm-diam collimator (Charles Supper Co.). Diffraction patterns were detected using a modified three-stage image intensifier tube (model 1267-1; Varo Inc., Gar- land, TX) and a Cohu 500 series TV camera (model 5272-2220/AL4; Cohu Inc., San Diego, CA) and were recorded on a U-Vision NV-9240XD video cassette recorder (Panasonic Co., Secaucus, NJ). Calibration of the intensifier/camera system was accomplished using a standard fully hydrated DPPC multilameller sample at 250C and using the 64-A first-order lamellar reflection at low-angles and the 4.2-A rigid acyl chain reflection at wide-angles.
X-ray capillaries were positioned on top of the gradient rod as shown in Fig. 2 and Crycon grease was used to promote good thermal contact. This grease consists of copper filings in a grease base. The grease has a wide-angle scattering profile similar to that of the "fluid" lipid phase. Throughout these measurements care was taken to ensure that the grease did not contribute to the recorded diffraction patterns.
For accurate d-spacing measurements as a function of temperature, the sample capillary must remain at a fixed sample-to-detector distance as the sample is moved through the x-ray beam. This was assured by proper alignment of the goniometer head and was verified by viewing the capillary through an overhead microscope fitted with eyepiece crosshairs while moving the stage back and forth and by measuring the interlamellar CAFFREY AND HING Lipid Phase Diagram Construction to-detector distance along the length (4 cm) of the capillary. The sample is levelled using the goniometer so that the x-ray beam travels through the middle of the sample capillary, maximizing diffracted intensity and ensuring that diffracted intensity is comparable at all points in the sample. This is complicated, however, by the fact that the capillaries are not of uniform diameter along their length, and by inhomogeneities in the sample (see below).
In certain instances sample length was not sufficient to cover the temperature gradient range of interest. In such cases the sample was progressively moved to higher temperatures on the rod, and measurements were taken so that the entire temperature range could be examined. Failure to make measurements over continuous temperature ranges resulted in missing data in one of the d-spacing plots (Fig. 5) .
To maximize resolution low-and wide-angle diffraction regions were examined in separate scans. Diffraction patterns were recorded continuously from the low to the high temperature end of the rod at a rate (depending on the steepness of the gradient) corresponding to -0.7C°/s.
Data Analysis
The data consist of two-dimensional diffraction patterns from the lipid samples recorded on videotape as a function of time and temperature. Data analysis to determine phase transition temperatures and structural parameters was performed in three ways. First, the temperature gradient scans were viewed directly on a television monitor at both low-angle and wide-angle and any noticeable changes in the diffracted intensity or peak position during the scan were noted. Second, one-dimensional diffracted intensity line scans through the vertical diameter of the diffraction patterns were obtained using an image processor (Grinnell Image Display Buffer, model GMR-274; Grinnell Systems Corp., San Jose, CA) as previously described (Caffrey and Bilderback, 1983) . Plotting the data in composite form greatly facilitates detection of changes in intensity and/or peak position (Figs. 3 and 4) . Finally, d-spacings for the lipid samples as a function of temperature were calculated from the line scans. A phase transition is indicated in the corresponding d-spacing plot (Fig. 5) by a sudden change in the repeat period with a change in temperature.
RESULTS

DPPC/DPPE Mixtures
The long-spacings of fully hydrated DPPC/DPPE multilamellar mixtures as a function of temperature on a 1 0-700C gradient are shown in Fig. 5 . Pure DPPC exhibited changes with temperature much like those seen by Janiak et al. (1976) and by Inoko and Mitsui (1978) for the formation by P,B phase at 34.5°and 35°C, respectively, using both differential scanning calorimetry (DSC) and x-ray diffraction. A large increase in the d-spacing from 65 to 72 A occurred at 350C. In the wide-angle region, the broad shoulder at -4.06 A (220C) on the wide-angle side of the "rigid" acyl chain reflection at 4.2 A appeared to move inward and become symmetric with the 4.2-A line; however, this change was more difficult to discern because of interference by the adjacent diffuse water peak (data not shown). Similarly, at 0.1 mol fraction DPPE, forma- (Chen et al., 1980; Ruocco and Shipley, 1982) at low temperatures was indicated by a smaler lamellar repeat and/or by additional reflections in the diffraction pattern at intermediate angles (Fig. 6) . In pure DPPC an increase in d-spacing from 62 to 64 A occurred from 120 to 160C, and in the mixture containing 0.1 mol fraction DPPE an increase from 64.8 to 67 A occurred over a temperature range of 110 to 140C. Also, an additional peak at -3.85 A characteristic of the subgel phase was seen for these two samples, which gradually moved to lower angles and The order-disorder transition was apparent in the diffraction patterns as the disappearance of the sharp rigid acyl chain reflection at -4.2 A and the emergence of a diffuse band centered at 4.6 A due to "fluid" acyl chains. In the low-angle region of the diffraction pattern, an additional sharp line became visible to the wide-angle side of the original lamellar reflection as temperature increased through the transition, indicating coexistence of the lamellar gel and liquid-crystalline phases (Caffrey and Bilderback, 1983; Caffrey, 1985) . The reflection due to the liquid-crystalline phase gradually increased in intensity and eventually replaced that due to the lamellar gel phase at the higher temperature. These changes are shown in Figs. 3 to 5 for a DPPC/DPPE (0.4/0.6) sample.
The temperatures of the various phase transitions over the entire range of DPPC/DPPE ratios are plotted in Fig.  7 FIGURE 5 Long spacings of fully hydrated DPPC/DPPE mixtures calculated from line scans of first-order lamellar reflections recorded using the time-resolved x-ray diffraction method. The mole fraction DPPE in each mixture is indicated. Due to sample lengths of <4 cm, samples containing 0.7, 0.8, and 1.0 mol fraction DPPE were moved to successively higher temperatures and scanned again until the entire temperature range was covered.
200 to 400C is shown in Fig. 8 . The transition temperatures correspond to onset and completion of the order-disorder transition and were obtained solely from viewing the video recorded wide-angle diffraction patterns as a function of temperature. The changes seen in the diffraction patterns at the various transition temperatures were similar to those described above for mixtures of DPPC and DPPE. The phase diagram for the DMPC/DPPC system obtained using the temperature-gradient method agrees well with that obtained by other methods (Shimshick and McConnell, 1973; Chapman et al., 1974; Luna and McConnell, 1978 (Melchior and 47; 5, 1.19; 6,0.990; 7,0.930; 8,0.824; 9,0.668; 10, 0.646; 11,0.601; 12, 0.540; 13, 0.495; 14,0.485, 15, 0.460; 16, 0.451; 17, 0.440; 18, 0.418; 19, 0.385 and 20, 0.355 Fig. 7 is similar to that described by Luna and McConnell (1978) for fully hydrated DPPE/DMPC mixtures in having three two-phase regions which meet at a three-phase line located, in the present case, at 460C. Transition temperatures determined from d-spacing plots (Fig. 5) and from visual inspection of diffraction patterns recorded on videotape compared well ( + 1°C) with each other. Further, the low-angle diffraction data were more sensitive to the start of the order-disorder transition than the wide-angle data, since the appearance of a sharp reflection at low-angles was easier to detect than an increase in diffuse scatter at wide angles (Caffrey and Feigenson, 1984) . However, the sensitivity for detecting completion of the transition was better at wide angles. This Phase transition temperatures were obtained based on wide-angle x-ray diffraction data recorded using the temperature gradient method as described in the text. The low temperature phase is designated "gel" since an independent determination of its lattice type and symmetry was not made in these experiments. Phase boundaries are included in the diagram for clarity only.
is reflected in Fig. 7 by the lower onset temperatures using low-angle data and the higher completion temperatures using wide-angle information.
As an independent check on the validity and internal consistency of the phase diagram obtained using the temperature gradient method, we verify the following prediction. The structural parameters observed for the La and Lg.1 phases in the coexistence region of Fig. 7 should be those of the corresponding solidus and fluidus compositions at a given temperature and overall lipid composition. The data in Fig. 7 indicate a fluid and gel phase composition (XDPPE) of 0.4 and 0.7, respectively, at 550C and an overall lipid composition of 0.6. Referring to Fig. 5 we see that at 550C samples of composition 0.4 and 0.7 have interlamellar d-spacing values of 62.5 and 70 A, respectively. These are in excellent agreement with the structural parameters of 63 and 70 A observed in the coexistence region as reported in Fig. 3 .
At this juncture the advantages and disadvantages of the temperature gradient method and its use in temperaturecomposition lipid phase diagram construction will be considered. To begin with, the method is intuitively simple (Fig. 1 ): samples contained in long capillaries arranged around the perimeter of a rod upon which a temperature gradient has been imposed represent isopleths (lines of constant overall composition) in the phase diagram. The time-resolved x-ray diffraction method facilitates rapid phase identification and quantitation in temperaturecomposition space.
The fact that x-ray diffraction is used to provide phase information offers many advantages. It gives positive phase identification both in single and multiple phase regions and allows us to locate phase boundaries. From the diffraction data itself structural parameters of the various phases can be obtained along each isopleth continuously as a function of temperature. The continuous nature of the method is also important because it means that phase fields or coexistence regions that exist over narrow temperature regions will be readily detected. Because the method is quantitative, the relative amounts of phases in phase coexistence regions can be determined (see Caffrey, 1985) . This can be used to great advantage in verifying interpolated phase boundaries in the phase diagram.
The use of diffraction for phase identification and quantitation also means that artifacts, which might arise with other methods due to preferential sample orientation, especially in one-phase regions, are avoided. We emphasize, however, that this relies on the use of a twodimensional detector. The diffraction method also obviates the need for additives or molecular labels, both of which are potentially perturbing. An added convenience of the present system is that data is recorded on videotape. The data can, therefore, be carefully reviewed at leisure in replay mode at selected speeds and the appropriate segments identified for subsequent image processing. While x-rays at the intensity available through synchrotron radiation can be damaging (Caffrey, 1984) , the temperature gradient method requires that a particular portion of the sample is in the beam for a very short period of time. Thus, the method is nondestructive and the sample can be recovered for reuse. This offsets one of the disadvantages of the method, namely the need for large amounts of material. For example, to prepare a fully hydrated DPPC sample 1 mm in diameter and 4 cm long requires 30-50 mg lipid.
The main advantage of the method is data acquisition speed. No longer is it necessary to equilibrate samples at each successive temperature before making the diffraction measurements. With samples of different compositions positioned lengthwise around the perimeter of the cylinder in a colt revolver fashion (Fig. 2) all that is required is to allow the samples to reach a steady-state on the gradient and to make the diffraction measurements. This takes on the order of 30-60 s/sample. In principle, the data for a complete phase diagram with 15-20 isopleths could be collected by this method in 1 h of beam time. The ability to collect data quickly also means that systematic and nonsystematic errors due to sample source and preparation, and to data acquisition and analysis procedures are minimized.
Finally, the temperature gradient method offers the advantage of scale expansion or contraction. For example, if the intention is to obtain information on the general phase behavior of a system over a wide temperature range, the temperature gradient can be so set up. This should be extremely useful in survey type work. If, on the other hand, the intent is to investigate a particularly narrow phase coexistence or transition region, the temperature gradient can be very conveniently expanded in the region of interest for detailed examination. In this context we note that it is not necessary to limit oneself to linear temperature gradients. Gradients of different profiles are available by an appropriate choice of gradient rod shape (Holman, 1976) .
On the negative side, the temperature gradient method is dependent on having access to items of high technology. These include a monochromatic x-ray beam of high intensity of the type that is available at a synchrotron source, a two-dimensional x-ray imaging device, video equipment and, for quantitative data analysis, image processing capabilities. Of course, detection, recording, and analysis systems other than the ones described above are possible and in certain instances may be even more desirable. The point is that a complete system in one form or another should be available at each of the synchrotron radiation facilities around the world (Winick, 1980) . Sample homogeneity is a potential problem. Trapped air bubbles give rise to missing data points in diffracted intensity scans and must be eliminated by careful centrifugation and possibly the use of degassed solvent. Centrifugation itself can generate sample concentration gradients along the length of the capillary. While not a big problem, it does lead to gradual changes in diffracted intensity from one end of the sample to the other.
A rate-limiting step in this procedure is alignment of capillaries, particularly when operating with the colt revolver arrangement shown in Fig. 1 . The only way around this is to have available an arsenal of gradient rods mounted on goniometer heads upon which capillaries have been aligned ahead of time. This will ensure the most efficient use of beam time.
No insulation is provided in the present experimental arrangement, and a temperature gradient exists transverse to the long-axis of the capillary (Fig. 2) . This arises because only one side of the capillary contacts the gradient rod while the other side is exposed to air at ambient temperatures. The net result is to slightly broaden and to shift transition temperatures since the x-ray beam now samples a diagonal rather than a vertical phase boundary. Enclosing the apparatus in a vacuum chamber will eliminate this problem. We note, however, that in the temperature range examined in the present set of experiments this effect was minimal in terms of measured transition temperatures.
Finally, the issue that the temperature gradient method is a steady-state rather than an equilibrium technique must be addressed, particularly since the intent is to use it in constructing phase diagrams that are for the most part considered to reflect a true equilibrium and to follow the Gibbs phase rule. While it is true that the method is steady-state, the empirical observation is that it works. Phase diagrams obtained by this method are in excellent agreement with those obtained by other more standard "equilibrium" methods. At least in the cases examined, therefore, the steady-state issue does not appear to be a problem. However, it is instructive to examine the situation that prevails, for example, in a two-phase coexistence region upon which a temperature gradient is imposed. To this end, let us consider the phase diagram shown in Fig. 1 . We note that in the phase coexistence region a concentration gradient of the two component lipid species (A and B) exists along the length of the capillary. For the moment we will address the situation in the liquid-crystalline fraction since, by comparison, molecular diffusion in the gel phase is extremely slow (Alecio et al., 1982) . Referring to Fig. 1 , we see that the liquid-crystalline phase is 0.7A and 0.3B at position a in a sample whose overall composition is equimolar in A and B. However, at the higher temperature represented by point b in the capillary, the composition is 0.6A and 0.4B. Thus, for lipid A a concentration gradient exists from b to a whereas for lipid B the gradient is in the opposite direction. By extension a concentration gradient exists for both lipids at all points in the phase coexistence region, which should drive lipid diffusion.
To determine if this effect brought about any noticeable change in the phase diagram measurements were carried out on an equimolar mixture of DPPC and DMPC incubated on the gradient rod for 15 min and for 2 h. In both cases the onset and completion transition temperatures were the same to within experimental error and agreed well with those obtained by DSC (Chapman et al., 1974 ). It appears, therefore, that lipid diffusion is inconsequential on the time-scale of these experiments. Perhaps it is because lipids are confined to individual multilamellar vesicles between which lipid exchange is slow (Schroit and Madsen, 1983; Tamura et al., 1986) that accounts, at least in part, for this result. Diffusion is more likely to be a problem in systems that exhibit phase coexistence, one phase of which is an isotropic fluid.
CONCLUSION
A new "steady-state" method is described that combines time-resolved x-ray diffraction and a temperature gradient for temperature-composition lipid phase diagram construction at unprecedented rates. The method has been used to construct phase diagrams for fully hydrated DPPC/DPPE and for DPPC/DMPC multilamellar mixtures, which agree with and extend data obtained by a variety of other physical techniques. Advantages of the new method include rapid data acquisition rates and sample throughput, positive phase identification and quantitation, and structural parameter determination continuously with temperature in single and multiple phase regions. The method is also inexpensive, nonperturbing, nondestructive, insensitive to orientation effects, and offers the ability to change the temperature gradient range and profile at will. Further, the two-dimensional data recorded on videotape can be examined at leisure in replay mode. The method does, however, require access to a high intensity, monochromatic x-ray source and to suitable detection, recording, and analysis devices, relatively large amounts of sample, and careful sample alignment. It would be greatly improved by the provision of an evacuated sample chamber and by a guarantee of sample homogeneity.
